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• Studies of Spontaneous Magnetic Fields in Laser-Produced

Plasmas by Faraday Rotat ion

We report in this le t ter  the f i r s t  broad-scale stud y of the large

magnetic f ie lds  produced in the focal region of a high i r radiance

Nd—laser  incident on a solid target . The study u t i l i zed  a Raman-sh i f t ed

probing beam with  a 3-channe l Faraday rotation diagnostic system. The

f i r s t  Faraday rotation measurements 1 (in which magnet ic  f i e l d s  in the

megagauss range were observed) were reported in 1975. It was recognized

that  these fields could (pr imari ly through their  ef fec t on therma l

transport)  p lay an important role in the physics of laser-fu s ion .~”~

Recently,  there has been considerable theoretical interest  in these

fle lds4 7  -— par t icu la r ly  in re la t ion to resonant absorption . However ,

al though several 1aborator ies ° ’~
’ have undertaken fu r the r  Faraday

ro ta t ion stud ies , there has been no published conf i rmat ion . This  has

led to some doub t about the magnitude and importance of the f ie lds .

Thus , the studies reported here are of pa r t i cu la r  s i g n i f i c a n c e . These

Faraday rotation studies have given re l iable  r e su l t s  for a var ie ty  of

experimental condit ions ( t iming ,  target ma te r i a l  and geometry , laser

irradiance and polar izat ion , focal  posi t ion , and pre-pul se e f f e c t )  and ~ M.r it~~

have provided insight  into the experimental  condit ions required for
• •• .

observing the f i e lds .
0. ’
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At h igh  laser ir r ad i anc e  (. ... l i~~ W/cm ~ ) ,  the second harmonic

em iss ion ( 1 : V  ~) from p l a smas p rod uced by our Nd—g l a ss lase r was so

intense tha t a second harmonic probe beam c cxrld not be used success fu l ly

(as it was at  l ower Ir rad iance)  for  Faraday ro ta t ion  studies~ An

analogous problem was a lso  encountered at  the thi rd  harmonic . ~~~~~

However , the present  exper imenta l  arrangement ( shown in Fig. I ) uses a

non-harmonic wavelength (6~~”i ~) to overcome the emit ted  l i ght  p r ob lem .

This  was obtained b y R a m a n — s h i f t i n g  the second harmonic probe beam in

an e thanol  ce l l .

The Raman-sh i f t ed  p r obi ng beam (pulse wid th  •~~. I~~~~ psec ) is

o p t i c a l l y  delayed to a l l o w  va r i a t i on  of the r e l a t i v e  t iming  between the

p r obe pu l se a nd th e ma in lase r pul se . The v e r t i c a l l y-polar ized probing

beam is concentra ted  into the In t e r a c t i o n  region w i t h  an fI~.X) aper ture

lens . A di f f r a c t i o n - l i m i t e d , f / : ’ lens is used to c o l l i m a t e  the probing

beam which  has passed through the p lasma . The co l l ima ted  beam is then

sp l i t  in to  ~ beams w i th a ~ qu ar tz wedge . These beams are focused (wi th

separ a te  ~‘-m foca l  length  lenses) and pass through ~ i ndepe nd e n tl y

or ien ted po l a r i z a t i o n  ana lyze r s  ( p l a s t i c  sheet po la r i ze r s )  to provide

~ channels  of information . Space-resolved images are recorded (at

focus) on Polaroid f i l m . Thus , expe r imen ta l  corre la t ions  are a v a i l a b l e

among the 5 channels  to ru le  out any e f f e c t s  due to dens i ty  gradients  or

transverse magnetic f i e lds 0 1~1
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The t arge t s  were i r r ad i a t e d  w i t h  a beam f rom t t . e  NR L i’haros 11

Nd— laser  sys tem . ~‘ The ou tpu t  pulses  (.
~~
. ~1 .1) w t t h  p u l s e  d u r a t i o n  01

psee (F’v~HM) were focused w i t h  an ( a s ph e r i c )  i / ~’ lens to  a h a l f -

ene rgy focal  dia meter  of ~~ ‘ urn , y i e l d i n g  an average ir r a d i ance ot

W/cnf . Data  were taken us i ng p o l y s ty r e n e , (CI~ , a nd s t e e l

t~razor b l ade)  s l ab  t a r g e t s  ar id u s i n g  p o l y s t y r e n e  spher i ca l  t a r g et s .

Prob e beam t i m i n g  was va r i ed  w i t h  respect  t o  t h e  peak ot t h e  m a i n

l a ser p u l s e . Fa raday r o t a t i o n  ot  the  p rob ing  l i gh t  was observed 4 f or

ftc steel  t s r g e t4 ”  as ear l y as 4 l~ 1) 5cc , maxI mized near -
~ ‘~~ p5cc and

then decreased (hut  cou ld  be seen as l a t e  as .
~ ‘~~ psec) .  The depend —

e’ f l CC of the  magne t ic  f ie l d s  on l in ing  Was not s t r o n g l y  c o r re l a t e d  w i t h

ta rget m a t er i a l . The d a t a  p re sen ted  hert ’ Were a l l  ob t a i n ed  a t  the

‘~~
‘ psec t im i n g .  Data were a I so tak en w i t h  and W I t h o u t a p r e — p u  i se

on the Inc id en t  l a s t ’ i beam and t h i s  • as shown l a t e r , p roved t o  he an

impo r t an t  c i t  cc t - l a ser  i t rad ianee was  l owered by about an order  ot

magn i tude  e i t h e r  by mov ing  the  foca l  p o s i t  Ion w ft t e s pe c  t to the

ta rget or by a t t e n u a t i n g  the l a se r  beam ene rgy . In bo th  cases  • the low

ir rad iance shots  showed no observable  Faraday r o t a t i o n . h owever , a

pr e—pu l se  was not used and t i m i n g  was not va r i ed  on the  low I r r a d i a n c e

shots 0 A l l  of the remain in~ da ta  p resented here wer e obta ined w i t h  t he

ta r get at good focus .

An a t temp t was made to observe the magnet ic  t i e l d s  assoc iat ed  w i t h

resonant  absorpt ion .~l I Da ta  were taken at e a r ly  t imes  ( — 1 ”  t o  4 1~

p sec) us ing a t i l t e d  ( :\‘~ ) i ron ta rge t  so or ien ted  tha t  the  main laser

beam was in e i t her  an s or p p o l a r i z a t i o n  s t a t e  w i t h  respec t Li i  the

3
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dens i t y st ructu re . No ef f ect was obse rv ed , perhaps i nd i ca t i ng  tha t

the probe beam did  not samp le close enough to the c r i t i c a l  region .

The trend of v a r i a t i o n  of the Faraday ro ta t ion  data  wi th  target

m a t er i a l , ta rget geometry, and a laser pre—pu l se  is i l l u s t r a t e d  in Fi gs .

:‘ and ~~. Each photogr ap h shows the ac tual  o r ien ta t ion  of the target

when looking into the probing bea m w i t h  the main laser  beam incident

from the r ight . The or ien t a t io n of each po la r iza t ion  anal yzer (wi th

respect to the inc ident polar iza t ion)  is indicated (in degrees) under

the photograph . The an al yzer o r i e n t a t i o n  and Faraday ro ta t ion  angle

are both taken , viewing into the probing beam , as posi t ive when counter-

clockwise . The ro ta t ion  angle for a given region on the photograp h can

be es tima ted by comparing the exposure (varying as the squa re of cosine

of the angle between the  beam po la r i za t ion  and anal yze r) at tha t  region

w i th  th a t of t h e backgrou nd .

Resul t s for s lab targets  are shown in Fig. The photog raphs in

the top row are for a polystyrene target  i r radia ted by a s ing le  ~~ J

laser pulse . Note t he we l l - loca l i zed  br ight  regions above or below

center . These correspond to l igh t tha t has been Faraday rotated to

g ive local ly  enhanced t ransmiss ion through the anal yzer . The up-dow n

asymmetry and i ts reversal wi th  ana lyzer  or ientat ion are consis tent

w i t h  thermally generated magnetic fie 1ds~~ ’~ -- oriented az imu tha l ly

about the laser beam axis • S imi la r  resul ts  we re obtained for s lab

stee l targets w i t h  a s ingle  laser  pulse . A pr o-pulse  containing ~~~~ ot

the total h .~+ J energy irrad iated the same target ~‘ nsec ahead of the

4
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m a i n  pu l se  for the r e su l t s  show n in the second row . The prese nce of the

p re formed plasma due to the pre — puls e  increased the i n ten s i t y  and s p a t i a l

extent of the rotated l i g h t , w i t h o u t  a f f e c t i n g  the  m a g n e t i c  f i e l d

or i e n t a t i o n . A d i s t i n c t da rke n ing below the back ground level e x i s t s

v e r t i c a l l y opposite to the b r igh t  reg ion . Thi s , too , is co ns is ten t  w i t h

a z i m u t h a l ly  or iented magnet ic  f i e l d s  since the rotated l i gh t  in t ha t

region is closer to a c r o s s — p o l a r i z e d  s t a te  than ta the back ground .

The bo t tom row of ph otog r~~ hs ( i n  Fig. : ‘)  is a l s o  a ~~ p re—pu l se  case

(of 6.~ J tota l)  but u s ing  a steel ( razor  b lade )  t a rge t . He re , w i t h

both a p re -pulse  and a higher atomic number target , the Faraday r o t a t i o n

was most observable and had the larges t  spa t i a l  ex ten t , However , one

should d i s t ingu ish  between obse rvabi l i t y  and magni tude of the

magnetic f i e lds  -— the l a t t e r  be ing  di f f i c u l t  to determine p r e c i s e ly .

Ear l ier  s tudies  at NRL 1n showed that  a prepulse could have a marked

e f f e c t  on both x—ray and fas t  ion product ion . The ra ther  d r ama t i c

e ffec t of a pre-pulse on b acksca t te r~~ could be understood in terms of

i t s  ef f e c t  on the dens i ty  g r a d i en t . It  is poss ib le  th a t de ns i t y

modi f ic a t ion by the pre-pulse , via the the rma l ly  generated magnet ic

f i e lds  and their  e f f ec t  on therma l t ranspor t , could account for the

observed pre-pulse e f f e c t  on x-rays and fas t  ions .

Faraday rotat ion resul ts  for  s ing le-sided i r r ad ia t ion  of sp her ica l

polystyrene pe l le ts  are shown in Fig. The t op and bottom r ow of

photographs were taken on shots  when i r rad ia ted , r e spec t ive ly ,  w i t h  a

~ J (no pre-pul se) and ~~~~~ J (~( pre-pulse) ma in  pulse . The p ronounced

e f f ec t  of a pre-pulse is again present . Structure  at  the rear of the

. . - ,—. 
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pe l le t  on pre-pulse shots may have been due to some of the pre-pulse

energy being t ransmit ted  through the pol ys tyrene . The pr esumab ly

unpol ar ized l ig ht the re and in other par t s  of the photograp h s may be

d ue to some depol ar iz a t i o n of t h e p r obe beam (e .g. , due to dens i t y

gradients or mag n etic field s~
4 ) or an intense plasma l igh t  emission .

Note , t hat fo r the pel let s a s wel l as s la bs , a reversal of the anal yzer

or ien t a t i on al ways p roduces a co rr espondi ng r eversa l in the posi t ion of

the brigh t reg ion .

The d i rec t ion  of the magnetic f i e ld  can be determined from the

s~~ se of Faraday rotat ion . The observed asymetry is found to be

consistent with the direction vT x vr’ of a thermally generated magnetic

f ie ld  where c’T is cy l indr ica l ly in toward the laser axis , and ~‘n is

into the target , i.e., the magnetic f ie ld  is clockwise when looking

in the direction of the main laser beam. The az imutha l  d i rect ion was

onchanged throughout the observation interval (÷ 15 to + ~ 5O psec ) and

is consistent  wi th  theoret ical  ca lculat ions hi  including the therma l

force term .

The magnitude of the Faraday rota t ion angle t~ along a path z can

be estimated (when w its << (w/ w~)2 
- 1) from

d~ /dz — w~w~~ /2 uic , (1)

6
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where ~~~ is the z—c omp onent of the elec t ron c y c l o t r o n  t requenc v ,

(a) ’ = I — (~~/ and and ~r are , r espec t tv e lv , p lasma and probe

frequencies . For a g iven dens i ty  p r o f i l e  and a reasonable model of

the magnetic f i e l d  va r i a t ion , one can e s t ima te  the magn i tude  of the

magnetic f ie ld by in tegra t ing  Eq . ( 1) a long  the probe beam pa th .

There were two exper imenta l  inpu ts  to the d e n s i t y  evalua t ion :

tn t er fp rome t rv  and the extent of the dark  region in the Faraday r o t a t i t x ~

photograp hs . This dark region r e su l t s  f rom r ay s  being r e f r a c t e d  out

o f the solid angle of the co l l ec t ion  op t i c s . Dens i t y  s t r u c t u r e  was

determined by Abe l—invers ion  of in te r f er ogram s ’ 1 take n w i t h  an f l

collector  but w i t h  the same target  and laser condi t ions  as the 1/ . ’

Faraday ro ta t ion  data . The de n s i t y was modeled by a s p h e r i c a l

va r i a t ion  exp ~— ( r - r )/L ~ where the d e n s i t y  scal e  l eng th  L is ext r ap-

olated over a radial  distance of L — l :  wn fr om the i nt e ’r f er o m et ry .

The radius r0 of the c r i t ica l  d e n s i ty  is then determined by r e q u i r i n g

that a ray having the observed radius s (of dark reg io n) at the t u r n i n g

point  w i l l  be ref rac ted  through an f/ :~ c o l l e c t i on ang le (
~~

. 1 ~ ) . The

magnet ic  f i e l d  is a lso  assumed to vary exp c in en t i a l l y t w i t h  radius but

w i t h  a scale length tha t  is computed ( w i t h  t h i s  d e n s i ty  s t r uc tu r e ) from

the observed radial var ia t ion  of the Faraday ro ta t ion  ang le .

For example , the data for Shot S6~~ on to a spher ic a l p e l l e t

(shown in the lower h a l f  of Fig .  S) gave a Faraday r o t a t i o n  ang l e of

at a radius a of ~k ’ wn and decreased to .~~
“ at a r a d i u s  of l~~ Urn .

7
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ln t e r f e r o r n t ~t ry  showed th a t  1. wa s less  t h a n  .i ’ urn w h i c h  r e q u i re d  tha t t h e

samp l ed magnet ic  f i e l d  (at  the t u r n i ng  p o i n t )  be g r e a t  ei  t hai ’

me gagaus s• A more p robab It~ va 1 ue t i ’ r r h I $ ma gut ’ t I e t I e Id ( t or

L \ ~. urn ) is ~~ ~ l MC .

Some guidance can be g iven  concern i ng t he  ex p er i m en t a l  con d i t i on s

required for  de tec t  in g  Faraday ro ta t ion . We have Lt ’t nd i t  is i mp o r t an t

t~ U 8 °  a high— inten s i ty 1  n on—h ar m onic  w ave t engt  Ii probe ~iud l ook at an

op~ inMrn t ime a f te r  ar r i v a l  of he ma in la ser  pu t  so . l’ho Pro$eth’ t ’ 1 ’t  a

prepul  se gr eat  lv enhanced the obse rvab i i i  rv  o t t i e tuagne L i e  t i t ’ ~._ I I~c t’e

resul ts  were a lso  obtained for a smal l  but  n on—zer o  1it ’v i a t  ion t ~om the

c r o ss—polar iz ed  anal yzer o r i en t a t ion . In f act , good , l . i t  a wa s not

obtained in our p revious  s tud los w i t h  a c ross—po la r i z ed  W o l  l a st  ~~ p c i  sni

an a lv ~ er . This  may be due to the fac t  tha t  maximum con t r a st  is not

obt ained , for a sI. ight lv depo la r i zed  beam , at  the p roc i ~;t’ c ro ss—

pol ar ized  or ient a ti t l1.

In sumaary , a study u t i l i z i n g  a -channel Faraday r o t a t i o n

d iagnostic sy s t e m  has shown the dcpentt t ’net ’ of thc ni~a i lv  generated

magnet ic  f i e lds  on a va r i e ty  of e x p e r i men t a l  pa rameters . Cor r e l a t  ions

between the channels , comp le te ly cons i s ten t  w i t h  these f i e l d s  for  a l l

th e 7~ data shots, g ives a high level of con f idence  in the r e su l ts .
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Fig. 1 — Diagram of experimental arrangement
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